Noiseless loss suppression in quantum optical communication 
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We propose a protocol for conditional suppression of losses in direct quantum state transmission 
over a lossy quantum channel. The method works by noiselessly attenuating the input state prior 
to transmission through a lossy channel followed by noiseless amplification of the output state. The 
procedure does not add any noise hence it keeps quantum coherence. We experimentally demonstrate 
it in the subspace spanned by vacuum and single-photon states, and consider its general applicability. 
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Quantum communication holds the promise of uncon- 
ditionally secure information transmission [1]. However, 
the distance over which quantum states of light can be 
distributed without significant disturbance is limited due 
to unavoidable losses and noise in optical links. Losses, 
as well as errors or decoherence, may in principle be 
overcome by the sophisticated techniques of quantum er- 
ror correction 0-0] .entanglement distillation 0-[3| , and 
quantum repeaters However, these techniques typ- 

ically require encoding information into complex multi- 
mode entangled states, processing many copies of an en- 
tangled state, and - even more challenging - using quan- 



tum memories 13, U [ ■ In stark contrast with the situa- 
tion for classical communication, losses in quantum com- 
munication cannot be compensated by amplifying the sig- 
nal, because the laws of quantum mechanics imply that 
any deterministic phase-insensitive signal amplification is 
unavoidably accompanied by the addition of noise [l2| ■ 

Very recently, however, the concept of heralded noise- 
less amplification of light []]| was proposed as a way 
out, relaxing the deterministic requirement. The noise- 
less amplification is formally described by a quantum 
filter g n , where n is the photon number operator and 
g > 1 denotes the amplification gain. The noiseless am- 
plifier thus modulates amplitudes of Fock states \n) by 
factor g n . This filtration can conditionally increase am- 
plitude of a coherent state \a) without adding any noise, 
g n \a) oc \ga). Although this cannot be done perfectly 
because g n is unbounded, faithful noiseless amplification 
is possible in any finite subspace spanned by the Fock 
states \n) with n < N, albeit with a correspondingly low 
probability scaling as g~ 2N in the worst case of input vac- 
uum state. With current technology, it has been proven 
possible to faithfully noiselessly amplify weak coherent 
states containing mostly vacuum and single-photon con- 
tributions dUnl. 

The noiseless amplifier can improve the performance 
of quantum key distribution protocols [18l - l2lj and it can 
also be used to distribute high-quality entanglement over 
a lossy channel HI 22| ■ Beyond that, the noiseless ampli- 
fier is not useful to suppress losses in direct transmission 
of arbitrary quantum states because it is not the inverse 



map of a lossy channel C. As a matter of fact, any su- 
perposition of Fock states that is not a coherent state is 
mapped by C onto a mixed state, and this added noise 
cannot be eliminated by noiseless amplification. 

Here, we find a solution to this fundamental prob- 
lem by introducing the concept of noiseless attenuation, 
which can be viewed as a heralded but reversible type of 
loss in the sense that the state becomes closer to vacuum, 
while its purity and quantum coherence are preserved. 
Mathematically, noiseless attenuator is described by an 
operator v n with v < 1. This filtering can be accom- 
plished with the help of a beam splitter with amplitude 
transmittance v < 1 and a single-photon detector moni- 
toring the auxiliary output port of the beam splitter, see 
Fig. 1(a). If the detector does not register any photon, 
then the amplitudes of Fock states \n) are attenuated ac- 
cording to \n) — > v n \n). The noiseless attenuator trans- 
forms | a) — > \va), but, unlike C, it is the proper inverse 
map of the noiseless amplifier g n with g = \ Jv. 

In this Letter, we prove that a suitable combination of 
noiseless attenuation and amplification provides a power- 
ful tool to conditionally suppress losses in channel C to an 
arbitrary extent without adding noise. Our scheme works 
as shown in Fig. 1(b). Before transmission through £, 
the input state is noiselessly attenuated with transmit- 
tance v. Intriguingly, this input-state preprocessing has 
the effect of preferentially reducing the weight of the Fock 
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FIG. 1: (a) Implementation of noiseless attenuation with a 
beam splitter (BS) of amplitude transmittance v and a single- 
photon detector, conditioning on projecting onto vacuum |0). 
(b) Conditional noiseless loss suppression in direct state trans- 
mission over a lossy channel C by a combination of noiseless 
attenuation with transmitance v and noiseless amplification 
with gain g. 
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states that have a higher chance of being affected af- 
terwards by losses in C After transmission through C, 
the state is noiselessly amplified with gain g — 1/(Vt), 
where r is the amplitude transmittance of C. In the limit 
v — > 0, this procedure conditionally converts the lossy 
channel C into a perfect lossless channel on the subspace 
where noiseless amplification \n) — > g n \n) is faithfully 
performed. 

In order to provide more insight into our protocol, let 
us consider the simple, yet important case of an input 
state formed by a superposition of vacuum and single- 
photon states, \ip) = co|0) + ci|l). At the output of C, 
we get the mixed state 



Plo 



iv^i + a-r 2 )!^ 



(i) 



where — co|0) + rci|l). A naive compensation of 
losses by noiseless amplification of pi oss with gain g = 1 /r 
results in the transformation |0) —> |0), |1) — > <7 1 1 ) , and 
yields the state 



Pamp(X |V)(^l+(l-T 2 )| Cl | 2 |0)(0|. 



(2) 



Note that there remains an extra vacuum noise term 
proportional to (1 — r 2 )|ci| 2 . This noise term could in 
principle be further suppressed by amplification with a 
gain higher than 1/r, but such an approach would over- 
amplify the single-photon contribution. 

The right solution is to preprocess the state via noise- 
less attenuation before the lossy channel C. The effective 
input state of L then becomes IV'eff) = co|0) + i/ci|l), and 
the output state after attenuation, transmission, and am- 
plification with g = \/{vt) reads 



PoutOC |^)(<A| + (I-t> 2 | Ci | 2 |0)(0|. 



(3) 



This has reduced the unwanted vacuum noise term by a 



factor of , 



In the limit 



0, this term vanishes and 



the output state becomes equal to the input pure state 
\ip). The procedure thus conditionally converts a lossy 
channel C into a channel that is arbitrarily close to the 
identity channel I. 

Our protocol formally resembles the scheme for 
the suppression of qubit decoherence due to zero- 
temperature e nergy relaxation by using partial quantum 
measurements 23|, l24j, but, importantly, it compensates 
losses instead of qubit decoherence and can be extended 
to arbitrarily large Hilbert space as we show now. Lossy 
channel C with inputs restricted to the subspace spanned 
by Fock states \n) with n < N can be described by a fi- 
nite number N + I of Kraus operators Aj , 



Pout = 



N 

£ 

3=0 



(4) 



where A 3 = (1 - r 2 )^ 2 r™|m)(m + j| ac- 

counts for loss of j photons in a channel. Assuming 



that the noiseless amplification is performed perfectly 
on the subspace of the first N + I Fock states by fil- 
ter G]y(g) = g~ N Yl n =o 9 n \ n )( n \> the effective channel 
A4 formed by sequence of noiseless attenuation, losses, 
and noiseless amplification reads, 



M( Pin ) = y2G N (g)A j u n Pin p n A]G N {g), 



3=0 



(5) 



with g = 1/ (vt) . Due to the structure of Kraus oper- 
ators we find that GN{g)AjV n — g~ N Aq 1 Aj and the 
effective channel can be expressed as, 

JV 

M( Pin ) = g' 2N Pin + g- 2N £ v 2j B jPia B], (6) 

i=i 

where Bj = Aq Aj, and the inverse Aq 1 = 
~^2n=o T~ n \n)(n\ exists on the considered finite dimen- 
sional subspace. We can clearly see that the combination 
of attenuation and noiseless amplification progressively 
suppresses j-photon losses by a factor of ^ 2j and in the 
limit v — > we approach the identity channel, Ai — > X. 
Success probability of the protocol is state dependent, 

N 

P S ucc = g- 2N + g- 2N £ v 2j Tr[B]B jPin ], (7) 



and P succ is lower bounded by g 
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FIG. 2: Experimental setup. Correlated signal and idler pho- 
tons with wavelength of 810 nm are generated in the process 
of spontaneous parametric downconversion in a nonlinear /3- 
BaB2C>4 crystal pumped by a laser diode [2^| (not shown) 
and injected into a linear optical setup consisting of polariz- 
ing beam splitters (PBS), half- wave plates (HWP), quarter- 
wave plate (QWP), polarizer (POL), and a variable partially 
polarizing beam splitter (VPPBS). Photons are detected with 
four single-photon detectors Dj. The VPPBS is constructed 
from a pair of calcite beam displacers (CBD) with two HWPs 
and a PBS in between. The device spatially separates and 
subsequently re-combines horizontally and vertically polar- 
ized beams. It introduces tunable losses in the vertical- 
polarization component by rotation of HWP2. 
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We have experimentally demonstrated this protocol 
for superpositions of vacuum and single-photon states. 
In the experimental setup, shown in Fig. 2, a cor- 
related photon pair is generated, and the signal pho- 
ton serves as a probe of the lossy channel C while the 
idler photon drives noiseless amplification. We charac- 
terize channel C and the loss suppression mechanism 
by using the Choi-Jamolkowski isomorphism 26, 27| be- 
tween quantum channels and bipartite states. We ex- 
ploit the polarization degree of freedom of the signal 
photon. The vertically (V) polarized mode is trans- 
mitted through C, while the horizontally (H) polarized 
mode is transmitted through a reference identity channel 
X. If the signal photon is initially diagonally polarized, 
|*+) = ^(|l)v|0) ir + |0V|l) H ). 

output a two-mode state xc = [£v 
isomorphic to the channel C, 



then we obtain at the 
1 H ](V + ) that is 



1-T 2 



Xc 



|00><00| 



>1>- 



-|10))((01|+r(10|), (8) 



where the subscripts H and V were suppressed for sim- 
plicity. Although \c is a two-qubit density matrix, its 
support is restricted to a three-dimensional subspace 
spanned by |00), 1 10) , and |01). The state |11) is ab- 
sent because no photons are generated in the passive 
channel C. This property holds even if the channel is 
combined with noiseless attenuation and amplification 
because these operations only modify Fock state ampli- 
tudes. In the experimental tomographic reconstruction of 
Xc we can therefore restrict ourselves to the above three- 
dimensional subspace. The only nonzero off-diagonal el- 
ements of xc are (01|xc|10) and its conjugate. Since 
their phase can be set to zero by a suitable phase shift 
e mt ^, we can represent £ by a real xc without any loss 
of generality. 

Noiseless amplification is accomplished by two-photon 
interference on polarizing beam splitter PBS2 that trans- 
mits horizontally polarized modes and reflects vertically 
polarized modes [1J]. The state to be amplified is in- 
jected into vertically polarized mode of the first input 
port of PBS2 • An idler photon prepared in linearly po- 
larized state cos#|0)y|l)ij + sin#|l)y|0)# is injected into 
the second input port of PBS2. Noiseless amplification 
is successful if a single photon emerges in the auxiliary 
output port of PBS2 and is projected onto diagonally lin- 
early polarized state which is heralded by a click of 
detector D2 . Amplification gain of this scheme is given 
by g = t&nO and can be tuned by rotating HWP4. Note 

that our implementation of the noiseless amplifier has a 

2 

success probability lower by a factor of 2 (i+g>) than the 
optimal filter G\ = .9 1 1 0) (0 1 + |1)(1|. Improvement by a 
factor of 2 could be obtained by taking into account also 
projections onto anti-diagonally polarized state and in- 
troducing active feed-forward that performs n phase shift 
on vertically polarized signal mode in this case 28 1. 




FIG. 3: Reconstructed channel matrices. Shown are experi- 
mentally determined xc matrices characterizing four different 
channels for input states restricted to the subspace spanned 
by vacuum and single-photon states, (a) Identity channel, (b) 
Lossy channel with amplitude transmittance r = l/v2. (c) 
Lossy channel compensated by noiseless amplification with 
gain g = V2- (d) Lossy channel compensated by the combi- 
nation of noiseless attenuation with v — l/\/2 at the input 
and noiseless amplification with gain g = 2 at the output. All 
matrices are normalized such that Tr[x.c] = 1. 



Noiseless attenuation is, in this proof-of-principle ex- 
periment, simply equivalent to preparing the signal pho- 
ton in a suitably linearly polarized state v nv \^ + ) cx 
r(|0)y|l)ff + v\1)v\0)h), which is accomplished by 
Note that at the cost of increased 



half- wave plate HWPi . 
technological complexity, the component noiseless atten- 
uator and amplifier can both be accomplished with high 
fidelity in a heralded manner, even with inefficient single- 
photon detectors, using combination of photon addition 
and subtraction [T3, Ull ■ 

The state analysis block including detectors D 3 and 
D4 serves for a full tomographic analysis of the polar- 
ization state of the output signal photons. Moreover, we 
employ detector D\ to monitor the fraction of photons 
that are lost in channel C. Note that, in contrast to 
noise-reduction schemes based on measurements of the 
environment 

31] 

, detector D\ is not needed for the pro- 
tocol itself and only serves here for channel characteriza- 
tion. We measure the two- photon coincidences -D1&D2, 
D3&-D2, and U4&D2 for different settings of the wave- 
plates in the output analysis block, and from these data 
we completely determine xc- 

In Fig. 3, we plot the reconstructed matrices xc for 
four different channels. Panel (a) shows xc when no 
losses are inserted in the path of vertically-polarized sig- 
nal photons. The reconstructed operator is very close to 
the identity-channel matrix xi = The simi- 
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FIG. 4: Performance of the noiseless loss suppression scheme. 
Fidelity F of the resulting quantum channel (a), effective 
channel transmittance T e g (b), and relative success prob- 
ability P ro i of the protocol (c) are plotted as functions of 
the amplification gain g with the attenuation set to v = 
min[l/(gr), 1]. Symbols represent experimental results for 
three levels of losses: r 2 = 75% (red triangles), r 2 = 50% 
(blue circles) and r 2 = 25% (green squares). Solid lines in- 
dicate corresponding theoretical predictions. Diamonds and 
dashed line in panel (a) provide channel fidelity for the case 
without noiseless attenuation (y — 1) and 50% losses. Sta- 
tistical errors are smaller than the symbol size. The experi- 
mental data for P re i are multiplied by |(1 + u 2 ) in order to 
compensate for the fact that the noiseless attenuation v was 
included in the input state preparation. 



larity of a channel C with respect to the identity channel 
1 is measured by the channel fidelity F = ('i> + \xc\'^ + ), 
and we obtain here F = 0.958 ± 0.002. Then, the xc 
matrix of a channel £ with 50% losses (r = l/v2) is de- 
picted in Fig. 3(b). Losses introduce imbalance between 
the amplitudes of 1 01} and 1 10} states, and give rise to a 
nonzero probability for the |00) state, which represents 
the fraction of lost photons in the channel. If we attempt 
to compensate these losses by noiseless amplification with 
gain g = we obtain the channel in Fig. 3(c). The 
amplification balances the amplitudes of 1 1} and 1 10} 
states, but there remains some population in the |00) 
state. This unwanted noise can be further suppressed if 
we include noiseless attenuation. The resulting channel 
for v = 1/ a/2 and g = 2 is shown in Fig. 3(d) . In contrast 
with Fig. 3(c), the noise term is reduced while quantum 
coherence is preserved, as witnessed by the off-diagonal 
terms in the subspace spanned by |01) and |10). 

We have systematically investigated the performance 
of the protocol as a function of the amplification gain g 
for three different levels of losses: 25%, 50%, and 75%. 
The fidelity F of the resulting quantum channel, plot- 



ted in Fig. 4(a), monotonically grows with g, and theory 
(solid lines) predicts F —> 1 in the high gain limit. The 
experimentally observed F saturates at values slightly 
below 1, which can be attributed mainly to imperfect 
two-photon interference on PBS2. The measured visi- 
bility of Hong-Ou-Mandel dip V = 0.947 ± 0.002 
is in good agreement with the observed saturation. For 
comparison, we also plot data for the naive loss com- 
pensation strategy based solely on noiseless amplification 
without input state preprocessing (y = 1). The results 
shown as diamonds demonstrate the fundamental limita- 
tion of this strategy. With increasing gain, the channel 



fidelity reaches the maximum F n 



(3-^/(4-2^) 



for g opt = (2 — t )/t, and then drops down due to over- 
amplification of the single-photon part of the state. We 
define an effective channel transmittance T e g as the con- 
ditional probability that a photon injected into the chan- 
nel emerges at the output. Figure 4(b) demonstrates that 
T e ff monotonically increases with g and approaches unity 
in the high gain limit. 

The noiseless loss suppression is a conditional opera- 
tion, therefore its success probability is a crucial param- 
eter. Assuming pure input state cq|0) + ci 1 1) we obtain 



-^succ I 



V 2 



|ci|V[r 2 



+ (l-r 2 )g- 



(9) 



which agrees with Eq. (J7J) if g = 1/(vt). The actual ex- 
perimental success probability is significantly lower be- 
cause it is reduced by imperfect collection efficiency r\c 
of the idler photon and low overall detection efficiency 
rjD of the heralding detector D2. We can only roughly 
estimate ricVD ~ 0.1. On the other hand, by taking ratio 
of the measured total coincidence rates for a given r and 
g and for the identity channel with r = 1 we can reliably 
estimate a relative success probability normalized such 
that P rc i = 1 for the identity channel. We expect this 
relative success probability to be equal to ©. Relative 
success probability for the probe state \^> + ) is plotted in 
Fig. 4(c). It is in good agreement with theoretical pre- 

= i in Eq. © 



icol 2 = 



dictions obtained by setting 
and it scales as g~ 2 as expected. 

In summary, we have experimentally demonstrated a 
protocol for the conditional noiseless suppression of losses 
in quantum optical channels using quantum filters at 
the input and output of the channel. The procedure 
is universally applicable and can enable faithful trans- 
mision of fragile highly non-classical or entangled states 
of light over lossy channel. The state transmitted over 
loss-compensated channel can be made fully available for 
further processing by employing more experimentally de- 
manding heralded version of noiseless attenuation and 
amp lification based on photon addition and subtraction 
29|, 3(J. We anticipate numerous potential applica- 
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tions of the present scheme in quantum communication, 
quantum metrology, and other fields where loss reduction 
is essential for optimal performance. 



5 



This work was presented at the Continuous variable 
quantum information processing workshop (CVQIPT1, 
Paris, Sep. 26-27, 2011). The work was supported by 
Projects No. MSM6198959213 and No. LC06007 of 
the Czech Ministry of Education, by Palacky Univer- 
sity (PrF-2012-019) and by Czech Science Foundation 
(202/09/0747). N.J.C. acknowledges support from the 
F.R.S.-FNRS under project HIPERCOM. 



[1] V. Scarani, H. Bechmann-Pasquinucci, N.J. Cerf, M. 

Dusek, N. Liitkenhaus, and M. Peev, Rev. Mod. Phys. 

81, 1301 (2009). 
[2] J. Chiaverini, D. Leibfried, T. Schaetz, M. D. Barrett, 

R. B. Blakestad, J. Britton, W. M. Itano, J. D. Jost, E. 

Knill, C. Langer, R. Ozeri, and D.J. Wineland, Nature 

432, 602 (2004). 
[3] T. Aoki, G. Takahashi, T. Kajiya, J. Yoshikawa, S.L. 

Braunstein, P. van Loock, and A. Furusawa, Nature 

Phys. 5, 541 (2009). 
[4] M. Lassen, M. Sabuncu, A. Huck, J. Niset, G. Leuchs, 

N.J. Cerf, and U.L. Andersen, Nature Phot. 4, 700 

(2010). 

[5] J.W. Pan, S. Gasparoni, R. Ursin, G. Weihs, and A. 

Zeilinger, Nature 423, 417 (2003). 
[6] R. Dong, M. Lassen, J. Heersink, C. Marquardt, R. Filip, 

G. Leuchs, and U.L. Andersen, Nature Phys. 4, 919 

(2008). 

[7] B. Hage, A. Samblowski, J. DiGuglielmo, A. Franzen, J. 

Fiurasek, and R. Schnabel, Nature Phys. 4, 915 (2008). 
[8] H.J. Briegel, W. Dur, J.I. Cirac, and P. Zoller, Phys. Rev. 

Lett. 81, 5932 (1998). 
[9] L.M. Duan, M.D. Lukin, J.I. Cirac, and P. Zoller, Nature 

414, 413 (2001). 
[10] A.I. Lvovsky, B.C. Sanders, and W. Tittel, Nature Phot. 

3, 706 (2009). 

[11] K. Hammerer, A.S. S0rensen, and E.S. Polzik, Rev. Mod. 
Phys. 82, 1041 (2010). 



[12] C. M. Caves, Phys. Rev. D 26, 1817-1839 (1982). 

[13] T.C. Ralph and A. P. Lund, in Quantum Communication 
Measurement and Computing, Proceedings of 9th Inter- 
national Conference, Ed. A. Lvovsky, 155-160 (AIP, New 
York 20091; farXTv:0809.0326l 

[14] G. Y. Xiang, T. C. Ralph, A. P. Lund, N. Walk, and G. 
J. Pryde, Nature Phot. 4, 316-319 (2010). 

[15] F. Ferreyrol, M. Barbieri, R. Blandino, S. Fossier, R. 
Tualle-Brouri, and P. Grangier, Phys. Rev. Lett. 104, 
123603 (2010). 

[16] M.A. Usuga, CR. Muller, C. Wittmann, P. Marek, R. 
Filip, C. Marquardt, G. Leuchs, and U.L. Andersen, Na- 
ture Phys. 6, 767-771 (2010). 

[17] A. Zavatta, J. Fiurasek, and M. Bellini, Nature Phot. 5, 
52 (2011). 

[18] N. Gisin, S. Pironio, and N. Sangouard, Phys. Rev. Lett. 

105, 070501 (2010). 
[19] R. Blandino, A. Leverrier, M. Barbieri, J. Etesse, P. 

Grangier, and R. Tualle-B rouri, larXiv:120 5.0959 (2012). 
[20] J. Fiurasek and N.J. Cerf. larXiv:1207r 6933 (2012). 
[21] N. Walk, T. S ymul, P.K. Lam, and T.C. Ralph, 

larXiv:1206.0936l ( , 2012). 
[22] T. C. Ralph, Phys. Rev. A 84, 022339 (2011). 
[23] A. N. Korotkov and K. Keane, Phys. Rev. A 81, 

040103(R) (2010). 
[24] J.-C. Lee, Y.-C. Jeong, Y.-S. Kim, and Y.-H. Kim, Opt. 

Express 19, 16309 (2011). 
[25] M. Jezek, I. Straka, M. Micuda, M. Dusek, J. Fiurasek, 

and R. Filip, Phys. Rev. Lett. 107, 213602 (2011). 
[26] A. Jamiolkowski, Rep. Math. Phys. 3, 275 (1972). 
[27] M.-D. Choi, Lin. Alg. Appl. 10, 285 (1975). 
[28] M. Mikova, H. Fikerova, I. Straka, M. Micuda, J. 

Fiurasek, M. Jezek, and M. Dusek, Phys. Rev. A 85, 

012305 (2012). 
[29] J. Fiurasek, Phys. Rev. A 80, 053822 (2009). 
[30] P. Marek and R. Filip, Phys. Rev. A 81, 022302 (2010). 
[31] F. Sciarrino, E. Nagali, F. De Martini, M. Gavenda, and 

R. Filip, Phys. Rev. A 79, 060304 (2009). 
[32] C. K. Hong, Z.Y. Ou, and L. Mandel, Phys. Rev. Lett. 

59, 20442046 (1987). 



